The numerous CO 2 reservoirs in the Colorado Plateau region of the United States are natural analogues for potential geologic CO 2 sequestration repositories. To better understand the risk of leakage from reservoirs used for long-term underground CO 2 storage, we examine evidence for CO 2 migration along two normal faults from a reservoir in east-central Utah. CO 2 -charged springs, geysers, and a hydrocarbon seep are localised along these faults. These include natural springs that have been active for long periods of time, and springs that were induced by recent drilling. The CO 2 -charged spring waters have deposited travertine mounds and carbonate veins. The faults cut siltstones, shales, and sandstones and the fault rocks are fine-grained, clay-rich gouge, generally thought to be barriers to fluid flow. The geologic and geochemical data are consistent with these faults being conduits for CO 2 to the surface. Consequently, the injection of CO 2 into faulted geologic reservoirs, including faults with clay gouge, must be carefully designed and monitored to avoid slow seepage or fast rupture to the biosphere.
.
The Little Grand and Salt Wash faults ( Fig. 1 ) affect the present-day flow of gas and water. Carbonate springs, an active CO 2 -charged geyser, and actively forming travertine deposits are localized along the Little Grand Wash fault zone (Baer and Rigby 1978; Campbell and Baer 1978; Doelling 1994 ) and numerous CO 2 -charged springs occur in the region of the Salt Wash faults (Doelling 1994) . The faults are part of a WNW trending set of 70 to 80º dipping normal faults in the region. Timing of continued movement along these faults is poorly known, though we present arguments below for Early Tertiary and Quaternary slip. The faults cut the Mancos Shale, consistent with substantial fault activity having occurred at least up to the Middle Cretaceous. The faults cut a north plunging anticline (Figs. 1 and 2), which could be related to salt movement in the Paradox Formation at depth. A basin-wide system of salt anticlines initiated when the salt was loaded by the Pennsylvanian/Permian clastics shed off the Uncompagre uplift to the northeast. Reactivation of the salt-related anticlines and faults occurred during Laramide (Eocene) contraction (Chan et al. 2000) .
The Little Grand Wash fault
The Little Grand Wash fault is a south-dipping arcuate normal fault with a surface trace length of 61 km (Fig. 1) . The Little Grand Wash fault consists of two parallel strands from 3.2 km east to 0.1 km west of the Green River; elsewhere it has only one strand (Fig. 3) . Total vertical separation on the fault near the Green River is 180 to 210 m, most of which is accommodated by the southern fault strand. The two strands of the fault were encountered at depth in an abandoned well (Amerada Hess, Green River no.
2 drilled in 1949, total depth 1798 m) at 805 m and 970 m. Drilling records state that the deeper of the two faults has Cutler Group sediments in the hanging wall and Hermosa Group sediments in the footwall. It is therefore unclear what the offset of the fault is at this depth, or whether the fault cuts the Paradox Formation (Fig. 2) .
The fault is cut by several stream channels that provide excellent cross-sectional exposures of the fault zone and associated host-rock alteration. Between the two main strands of the fault, smaller faults define structural terraces with varying dips (Fig. 4a ).
Slickenlines on subsidiary fault surfaces indicate mostly dip-slip with some oblique leftand right-lateral movement. The fault zone contains 70 cm to 3 m of foliated clay gouge with occasionally well-defined, sub-planar slip-surfaces (Fig. 4a ). Smaller faults with offsets less than 1 m are decorated with a thin (mm-thick) foliated purple-black, clayrich fault gouge and occasional thin calcite veins (1-2 mm thick) with sub-horizontal fibres. The normally dark purple-red Summerville Formation is bleached to a pale yellow for up to several metres into the footwall. This alteration is localised along the subsidiary faults and within certain beds.
CO 2 emissions and springs
Several active CO 2 -charged springs are localised along the two strands of the Little Grand Wash fault zone (Fig. 3) . The Crystal Geyser erupts to heights of up to 25 m at 4 to 12 hour intervals (Fig. 5a ). This is not a geyser in the strict sense of the term; the water in the geyser is cool and the eruptions are powered by CO 2 -charged waters rather than a heat source. The geyser began erupting when the Glen Ruby #1-X well was drilled in 1935. This abandoned exploration well was completed to the base of the Triassic section (TD 801 m). Occasionally the geyser water has a strong sulphur smell, and/or a thin film of hydrocarbons coating the water pooled around the drill pipe. The driller's records document that the well was spudded into a travertine mound and that the travertine thickness was 21.5 m before hitting bedrock (Baer and Rigby 1978) . The spring system must have been active prior to the well being drilled.
Anecdotal reports and scant completion records indicate that the geyser erupted more regularly (at 11 hour intervals) in the past. The hole is currently open to ~130 m depth.
Much damage is reported to have been done to the borehole, including dynamiting of the hole, attempts at cementing, and dumping of railroad ties. CO 2 -charged emissions continue despite this damage. A 1.5 m high steel pipe was added to the top of the well casing in 2001. This pipe has had no descernable effect on the geyser's eruption.
Three other springs are located on the system of travertine mounds around the geyser.
To the northeast a water-filled pool and a chocolate-brown, mud-filled pool erupt penecontemporaneously with the geyser. These are located on the back of the travertine mound where it has been badly damaged by vehicles. To the north, another small waterfilled pool is located on the active travertine slope. The close correlation of the timing of the geyser and activity of these springs suggest that the latter either reflects some escape of the CO 2 -charged waters from the well bore at shallow levels, or that these pools could be the original, pre-well flow paths for the CO 2 -charged waters to the surface. It is common for hydrothermal travertine spring sources to switch locations when the flow paths become cemented (Chafetz and Folk 1984) . Although in this cool water system, cementation may not be as rapid as in hydrothermal systems, it is still likely that the flow paths switch with time when they become sealed by calcite precipitation.
Within the Green River, small gas seeps produce small streams of bubbles. These can be observed on both banks of the river and are parallel to the trace of the fault. A kilometre to the east of the Crystal Geyser, in a low-lying area between the two fault strands, gas seeps audibly from the ground (Fig. 3) . A small amount of water flows sporadically from upstream of this location leaving salty deposits and wet sand in the base of the wash. Further to the east, an oil seep is located on the southernmost fault strand (Fig. 3) .
A shallow pit contains fresh oil indicating that there is active flow of petroleum to the surface. The outcrop close to this seep (Salt Wash member of the Morrison Formation) contains patches of oil staining.
Mineral deposits
Modern travertines at the little Grand Wash fault consist of bedded travertine mounds that were deposited from the Crystal Geyser and surrounding springs (Fig. 5) . The surface of the active geyser mound has a classic rimstone texture (Fig. 5c ) and lobes of travertine have built out to form sub-metre scale caves with stalactites. An ochre colour indicates a small component of iron oxide. These travertines successively bury the vegetation that surrounds the geyser. The travertine surface has regions of actively forming and inactive travertines, presumably controlled by switching of the source spring location or by lateral migration of flow across the surface of the mound.
To the southwest of Crystal Geyser, older carbonate deposits are in the process of being covered by the present day mound. These deposits are in the form of two distinct mounds of carbonates and breccias, one at the level of the river cutting an older one to the east (Figure 5a) . From a distance, it appears as though variably dipping veins are visible within these mounds, though these are not veins in the usual structural geological sense. They consist of cm-thick to tens of cm-thick sub-horizontal tabular masses of radiating acicular calcite and aragonite crystals 6 to 15 cm long with botryoidal or mammilated top surfaces (Fig. 5b) . Fresh surfaces are bright white, with occasional pale yellow banding. These veins often have paired banding and/or mammilated surfaces, which face toward the centre of the vein. Deposits of this form (described as ray-crystal crusts by Folk et al. 1985) have been interpreted to form underwater, with the apex of the radiating crystals pointing towards the source of fluids (i.e., in the centre of the veins). Occasionally the centre of these veins contain stalactite-like structures suggesting that sub-horizontal fissures were in-filled above the water table. Above these deposits lie travertine-cemented breccias that includes clasts of ray-crystal calcite and sandstone clasts. The surfaces of the inactive mounds have some rimstone textures preserved, though they have been extensively damaged by vehicles. The 1867 Powell expedition documented "satin spar" at this location (Powell, 1895) , which we interpret to be either the travertine terraces or the bright white ray-crystal calcite veins.
Other ancient travertine deposits along the fault are at higher elevations (up to 37 m, Baer and Rigby 1978) than the one presently forming. These deposits tend to form resistant caps to small buttes. The hangingwall of the fault in Figure 4a contains a thicker ancient travertine deposit than the footwall, though it is unclear if this deposit filled in the space left by faulting or if movement on the fault cut a pre-existing deposit.
The ancient travertines consist of dense-bedded layers, 1 to 2 mm thick, interbedded with vuggy open carbonate 1 to 3 cm thick. Horizontal and vertical carbonate raycrystal veins up to 30 cm thick cross cut these deposits. In an outcrop east of the Geyser, an impressive array of mm-to cm-thick veins with a boxwork pattern has completely obliterated the original fabric in the fault gouge (Fig. 4b) . The veins in this array are not parallel to the original fault-parallel gouge fabric. This boxwork is cross cut and offset by thicker sub-vertical veins with occasional stalactite textures.
The variation in the locations of the inactive deposits shows that the loci of active effusion of CO 2 -rich waters have changed in the past. The carbonate mounds predominantly form between the two strands of the Little Grand Wash fault, or at structurally complex areas such as stepovers between the fault strands. The spatial correlation of the ray-crystal calcite/aragonite veins and the travertines is consistent with the latter having been the "plumbing system" to the travertines.
The Salt Wash faults
The Salt Wash faults (sometimes termed the Tenmile Graben) are a set of N 70° W striking normal faults. The map-scale structure of the faults reveals two normal fault systems that form a shallow graben over 15 km long (Fig. 1) . The faults offset Jurassic Entrada Sandstone in their footwalls against Cretaceous and Jurassic Cedar Mountain Formation in the centre of the graben. The Salt Wash faults consist of two linked en echelon graben segments (Doelling 2001) and may be structurally linked to the Moab fault system to the southeast (Fig. 1) , though Quaternary deposits obscure the area where this linkage potentially occurs. The depth to which these faults extend is uncertain (Fig. 2 ), but they may sole into the Paradox salt sequence, and could be related to salt tectonics in the region. We have studied in detail two areas along the northernmost Salt Wash fault -the Tenmile Geyser and Torrey's spring areas (Fig. 6) .
Tenmile Geyser
The Tenmile Geyser is centred on an abandoned well 200 m into the hanging wall of the northern fault (Figure 7a) . A drill pipe sits within a low mound of flaky travertine with poorly developed rimstone textures. The Tenmile Geyser erupted infrequently in the past (Doelling 1994 ) and continues to erupt with infrequent 1 to 1.5 m high eruptions. A second mineral-charged spring sits on a low mound 100 m into the footwall of the fault.
There is anecdotal evidence that a set of travertine terraces with rimstone textures used to exist at this locality. This mound has since been excavated into a pit about 2 by 3 m in size and 1.5 m deep. The bottom of this pit does not reach the base of the travertine deposit. There is an almost constant stream of CO 2 from three vents in the base of the pool, but this spring has not been documented to have geyser-style eruptions. The fault gouge is locally well-exposed, and consists of a zone up to 5 m thick of slices of lithologies separated by clay-rich foliated gouge (Fig. 7b ). In the footwall north of the Tenmile Geyser, the Entrada Sandstone (usually red) has been extensively bleached to a light tan to pale yellow. In other places along the fault zone, the Entrada Formation is bleached in zones close to the fault and along fractures (Fig. 7c) . Close to the fault, poikilotopic aragonite cements occur preferentially in certain horizons of the host rock.
Torrey's spring
This spring occurs in the Entrada sandstone in the footwall to the northern fault ( Figure   6 ). The spring is located in the centre of a fresh-looking travertine mound about 15 m in diameter, which has slope of ~8°. The saline spring bubbles almost constantly and occasionally smells of sulphur. To the authors' knowledge, it has never erupted in geyser-style eruptions. This spring appears to be close to the location of the Delaney Petroleum Corporation #1 drill hole drilled in 1949, which had a total depth of 299 m.
There was no oil show in this well.
The spring was first visited by the authors in June, 2000, and again in June, 2001. During this interval, the travertine had advanced significantly over a large area and had created a small travertine "frozen waterfall" into a dry river bed to the west. This is evidence of the rapid growth rate of these travertine mounds and the high CaCO 2 content of the effusing waters. Growth rates of 10 cm to 1 mm per year have been documented in other travertine deposits, though these were areas of warm or hot water deposition (Folk et al. 1985) .
The main Salt Wash fault outcrops to the south of Torrey's spring. A line of small buttes (10 to 20 m high) capped with travertines parallels the location of the fault.
Commonly, the steeply dipping veins are larger than, and cross cut, the sub-horizontal veins. Fissures have been infilled with travertines, and the infill breccias contain fragments of the vein material. These outcrops also contain gypsum, though it is unclear if they are associated with the fault or if they are from the original host rock (Entrada Sandstone). Alteration of the host rock to pale yellow "bleached" sandstone is focused along fractures close to the fault (Fig.7c ). Bedding parallel calcite veins 2 to 5 cm thick extend up to 350 m from the fault in the footwall.
Water Chemistry
We collected and analysed the chemistry of waters from the Crystal Geyser on the Little Grand Wash fault, and from two CO 2 -charged springs along the Salt Wash fault (Torrey's spring and the excavated spring at Tenmile geyser). Water samples were collected in polyethylene bottles and samples for cation analyses were acidified with reagent-grade nitric acid to a pH of 2 or less. Field analyses included pH and temperature. Field alkalinity was not determined in the field, but relatively low balance errors for the analyses show that this did not cause significant error. Samples were kept refrigerated until analyzed for major element composition. Table 1 presents the chemical data.
Dissolution of calcite cannot account for all of the CO 2 in the water because there is substantially less calcium in the water than bicarbonate. There must be an alternative or additional source for the CO 2 . Similarly, the excess sodium in the waters (Cl -/Na + ratios range between 0.6 and 0.8 for Crystal geyser system waters) could not be solely from the dissolution of halite and therefore must be derived from other minerals such as Nabearing montmorillonite. The water we collected from the main Crystal Geyser is supersaturated with respect to calcite, aragonite, and dolomite (Table 2) . Modelling of our data and the water chemistry of Mayo (1991) with the programme Wateq (Truesdel and Jones 1974) indicates that the Crystal Geyser water is supersaturated with respect to aragonite, calcite, dolomite, fluorite, and gypsum (Table 2 ). This suggests that the fluid source for the veins could have had a similar composition to present-day fluid.
Results of modelling with Salt Norm (Bodine and Jones 1986) are consistent with the chemistry of the geyser water being a mixture of meteoric water and brine from redissolved marine evaporites. For a given water analysis this program calculates the salt composition that would result if that water were evaporated to dryness. The water composition will reflect the materials with which the water came in to contact; therefore the calculated salt composition can provide clues about the composition of those materials. Bodine and Jones (figure 4, 1986, p.37) list criteria that define water types based on the calculated salt composition. Applying those criteria to our water samples suggests that the water in the Crystal Geyser system primarily is a mixture of redissolved marine evaporites and meteoric water ( consistent with an influx of relatively low salinity groundwater recharging the well bore during an eruption (Figure 8 ).
Isotope data
Samples of carbonate veins and travertine were analysed in the stable isotope laboratory at Saint Louis University using both continuous-flow and conventional techniques. For continuous flow analysis, submilligram aliquots of sample powder were digested in orthophosphoric acid at 90 °C for several hours in an automated extraction device.
Liberated gas was entrained in a helium stream, passed through a GC column for isolation of the CO 2 and then transferred on-line to a gas-source, isotope-ratio mass spectrometer. Duplicates and some triplicate analyses were made for most samples.
Most of the samples were also analyzed by conventional (manual) techniques following the lab procedure described in Kirschner et al. (2000) . The average values of these analyses are depicted in Figure 8a . Carbonate standards (two in-house standards) were analyzed with the samples. Analytical precision of δ 13 C was below 0.10‰ (N=23; 1σ); δ 18 O was below 0.26‰ (N=20 excluding one set of 3 standards; 1σ).
Several trends can be observed in the data (Fig. 9a) 
Discussion
In order to evaluate the effectiveness of the Little Grand Wash and Salt Wash faults as conduits for leakage of CO 2 we ideally need to know the source of the CO 2 , the volume of the gas reservoir, and the rate at which this reservoir is being depleted. Although our work is still in its initial stages, the preliminary results can be used to build a working model for the source, pathways, and timing of flow in the Little Grand Wash and Salt
Wash fault system.
Source of CO 2
A number of processes can produce CO 2 within basins including mantle degassing, metamorphism or decarbonation of carbonates, oxidation and/or bacterial degradation of organic matter, and maturation of hydrocarbons (Selly 1998). Helium isotope data of gas from the Crystal Geyser and a spring on the Salt Wash fault suggests only a minor component of mantle-derived helium (Heath et al. 2002 , Heath 2004 , thus excluding a mantle source for the CO 2 . The gas in the Paradox basin is therefore likely to be sourced from one or more of the remaining processes, though this source can not be unequivocally identified solely from the carbon and oxygen isotope data of the Although isotopically light δ 13 C values of hydrocarbons and associated CO 2 are the norm for hydrocarbon deposits (e.g., Schoell 1983), it is possible for hydrocarbonassociated CO 2 to have isotopically heavy δ 13 C values due either to biologically mediated reactions (e.g., Coleman et al. 1988; Jenden et al. 1988) or to low-temperature carbon isotope exchange between hydrocarbons and CO 2 . Neither can be excluded with the present data set.
A more probable source of isotopically heavy and abundant CO 2 is the thermal decarbonation of carbonates (cf. Baumgartner and Valley 2001) . Cappa and Rice (1995) presented evidence that some of the CO 2 in the gas fields of southern Utah and Some of the ancient travertines are located up to 37 m above the level of the present day springs. Assuming that they were not initially deposited at the tops of the buttes, the amount of incision could be used to infer the age of the travertines. Baer and Rigby (1978) suggested a date of 200,000 years for the highest-level inactive travertines based on Colorado Plateau uplift rates. The uplift rate on the Colorado Plateau is currently a focus of debate, however, it is obvious that these spring systems have been active for a substantial amount of time.
Timing of fault activity
Although we do not yet have geochronologic constraints on the age of activity on the Little Grand and Salt Wash faults, structural relations between faults and travertine deposits are consistent with recent fault movement. Travertine filled fractures within the ancient travertine deposits could be related to seismic events (cf. Hancock et al. 1999 ).
Some of the travertines appear to be nestled within a hanging wall half-graben, suggesting that a scarp existed at the time of travertine deposition. This could be the result of differential erosion of the relatively soft Mancos shale in the hanging wall, or due to syn-depositional movement along the faults. Quaternary activity has been reported along the Salt Wash fault (Hecker 1993) . These faults may be related to movement of the Paradox salt, which has resulted in numerous episodes of fault motion southeast of our study area (Chan et al. 2000; Garden et al. 2001) . Pevear et al. (1997) used K-Ar techniques on fine-grained illite of the Moab fault to show that this fault was active between 60 to 50 Ma consistent with one of the regional episodes of salt movement and dissolution (Chan et al. 2000; Garden et al. 2001) .
Flow paths for CO 2 and water
All except one of the potential sources of CO 2 are below the Paradox salt. The Paradox salt is an interbedded unit with halite beds up to several metres thick. Salt can deform by crystal-plastic deformation at high strain rates, which can result in rapid healing of faults. Therefore faults that cut salt are not usually considered to be conduits for fluid flow unless faulting forms a juxtaposition of non-salt rocks between the hanging wall and footwall. From driller's records of wells in the study area, the thickness of the salt below the Little Grand Wash fault is of the order of 650 to 1300 m but the fault offset is only ~200 m. Thus flow along the faults is the likely pathway through the salt.
Given the clay-rich nature of the fault zones within the Jurassic and Cretaceous sequences we would generally expect a low-permeability fault rock. However, the localisation of springs and travertines, the presence of hydrocarbon seeps along the Little Grand Wash fault, and the close association of faulting and bleached sandstones (this study; Chan et al. 2000; Garden et al. 2001) suggests that there is a component of up-dip flow within or adjacent to these fault zones. Outcrops of the fault show that the foliated fault gouge has a strong fabric anisotropy, and that in places slip is localised onto discrete slip surfaces. This fabric anisotropy will result in anisotropy in fault gouge permeability. Specifically, it is likely that the permeability is substantially higher along the fault surface than in the cross-fault direction.
Regional aquifers that could act as reservoirs for the CO 2 include the Entrada Sandstone, the Navajo/Wingate sandstones and the White Rim sandstone. The water temperature (18°C) indicates that shallow aquifer waters are producing the springs, unless slow upwards flow rates allow thermal equilibration with the surrounding rocks.
Heat flow values in the Green River area are consistent with geothermal gradients of 34°C km -1 (Nuccio and Condon 1996) suggesting that the Navajo-Wingate aquifer (200 to 450 m below the footwall to the Little Grand Wash fault) is the reservoir for shallow groundwater that is being charged with deep CO 2 .
Several other CO 2 -charged springs occur in this region. The once spectacular Woodside
Geyser, situated at the old town of Woodside approximately 40 km north of the study area, now only erupts sporadically to a few meters from an abandoned drill hole. The
Tumbleweed and Chaffin Ranch geysers erupt occasionally from drill holes to the south of the faults in this study (Fig. 2) . These geysers, and the springs along the faults generally fall along the line of the regional north-plunging anticline axis (Fig. 2) . This suggests that the flow of CO 2 or CO 2 -charged fluids is focused along the anticline axis.
The active springs along the Little Grand Wash and Salt Wash faults all occur in the footwall, apart from the Tenmile Geyser, where the host drill hole may well penetrate the fault. It is possible that the fault is acting as a barrier to regional south-directed groundwater flow in the Navajo/Wingate aquifer (Hood and Patterson 1984) , concentrating the CO 2 -charged fluid in a footwall reservoir. The fault would be contributing to the flow path through the impermeable layers above the aquifer (the Carmel limestone, Morrison Formation etc.). In this case, the fault has higher up-dip permeability than cross-fault permeability. The travertines are generally located at structural complexities along the fault zone, such as at the ends of segments or at stepovers. This relationship is commonly observed in hydrothermal systems (Curewitz and Karson 1997; Hancock et al. 1999 ).
The bleaching and euhedral aragonite cements that are found in the footwall host rock close to the faults are evidence that fluid infiltrated the host rock as well as simply being channelled up the fault. Chan et al. (2000) and Garden et al. (2001) suggest that such bleaching is the result of movement of a reducing fluid through the system. They argue that this was meteoric water driven by topographic flow to salt depth where the fluid becomes saline and reducing and reacted with hydrocarbons. They argue for faultcontrolled upward flow and movement of the fluid out into the Jurassic aquifer sequence.
Implications for CO 2 Sequestration projects
The preliminary results of this study have implications for the design of CO 2 sequestration projects. These projects require that CO 2 be isolated from the atmosphere on a timescale of hundreds to thousands of years (Rochelle et al. 1999) . It is clear that the Little Grand Wash and Salt Wash faults have been conducting fluids for a substantial period of time; however, more work remains to be done on the Little Grand Wash and Salt Wash faults to evaluate the fraction of the total CO 2 reservoir that is leaking from the faults. A relatively low volume leakage of a large reservoir may well be deemed acceptable in a large sequestration project. The volume of carbon that is trapped in carbonate deposition at the surface must be estimated from future mapping of the total volume of travertines and carbonates around the wells and springs. The fact that many of the springs in the region are centred on abandoned oil wells suggests that care should be taken with well-bore integrity during the design and monitoring of CO 2 sequestration projects.
As suggested by the correlation of CO 2 degassing and earthquake faults, the stress state in and around faults may significantly influence whether a fault is conductive or not (Barton et al. 1995) . Zoback and Townend (2001) suggest that many faults in the crust are critically stressed in that they are very near the point of failure as predicted from a Mohr-Coulomb failure analysis. Present-day seismicity in the Colorado Plateau is dominated by extension along northwest to north-northwest striking normal faults (Wong and Humphrey 1989 ) and the present state of stress in the region is consistent with north-northeast extension (Mueller et al. 2000) . The Little Grand Wash and Salt Wash faults are therefore optimally oriented for failure in the present stress field and are likely conduits for the upward migration of fluids. Therefore, in addition to mapping the occurrence of faults in the vicinity of potential CO 2 disposal sites, the orientation of faults with respect to the current stress state should be taken into account. Given the possibility of Quaternary to Recent fault activity, it is possible that seismic activity could had a part to play in the migration of the CO 2 to the surface; earthquake activity has often been correlated with outgassing of CO 2 reservoirs (Irwin and Barnes 1980; Sugisaki et al 1983; Chiodini et al. 1995; Guerra and Lombardi 2001) and there is often a link between earthquakes and the activity of geothermal geysers.
The Little Grand Wash and Salt Wash faults cut rocks that are good analogues for low net-to-gross reservoir rocks such as those found in the North Sea. The sealing capacity of faults depends on the type of structures that occur in the fault zone, how they are arranged, the contribution of each structure type to flow, and geochemical processes in the faults, which may add or remove sealing capacity. Due to the poor preservation potential of faults in outcrops of shale-rich rocks, few field analogues have been studied in detail. Consequently, there is little data with which to make predictions regarding the behaviour of these faults. Such faults are often accounted for in hydrocarbon reservoirs using simple shale smear or gouge algorithms (e.g. Freeman et al. 1998) . These make substantial assumptions about the fault, specifically that the seal is formed by physical smearing or mixing of the low permeability clays in the host rock with no diagenesis of the fault rocks. Fault rock alteration and diagenesis is clearly taking place in this locality and would almost certainly take place within any CO 2 sequestration schemes that included faults. It is clear that much further work needs to be done on such systems before the implications for long-term storage of CO 2 can be fully understood.
Conclusions
The Little Grand Wash and Salt Wash faults, east-central Utah, affect the present-day Both natural and drill hole-related spring and travertine activity is concentrated along the fault zones, specifically in the northern footwalls. This suggests that the faults have a relatively low cross-fault permeability and form a seal to migration of gas up the plunge of the anticline. The faults must therefore be the conduit for the gas to move through the sealing units, and have relatively high hydraulic conductivity in the vertical (up-dip) direction. The gas either seeps upward continually or is transported during fault slip events. The springs and travertines are concentrated at structural complexities and linkage zones along the faults.
The long-lived nature of the fluid flow is demonstrated by ancient travertines and vein systems that are localized along the fault zone. The faults cut rocks that are analogous to the North Sea reservoirs in which it is proposed to dispose of significant quantities of CO 2 . Even if a relatively small proportion of the gas reservoir is able to escape along fault zones, then over periods of hundreds to thousands of years the efficiency of CO 2 sequestration projects could be called into question. We have determined the basic regional structure of the Little Grand Wash and Salt Wash fault system, making these faults an ideal candidate for a more detailed study of the interaction between fluids and low-permeability faults in clay-rich rocks at the oil-field scale. Hot Springs, Yellowstone (Friedman, 1970) , spring temperature in °C; (2) Durango, Colorado (Chafetz et al., 1991a) ; (3) Oklahoma (Chafetz et al., 1991b) ; (4) Coast Range, California (Amundson and Kelley, 1987) ; (5) near Florence, Italy (Guo et al., 1996) ; (6) Central Italy (Pentecost, 1995) . 
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